The objective of this study was to check the feasibility to treat medical waste incinerator 7 (MWI) fly ash directly through microwave irradiation. The destruction efficiency of dioxins in MWI 8 fly ash and in its froth products after flotation was compared in the air/nitrogen (N 2 ) atmosphere. 9
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2 Cheruiyot et al., 2015; Lee et al., 2016; Tsai et al., 2018; Hung et al., 2018) . Chlorine content in 27 medical waste has reached 4.5%-7.5% due to the use of polyvinyl chloride plastic and NaCl in 28 medical treatment, and it usually plays a major role in the formation of dioxins during medical waste 29 incineration (MWI) process, leads to more dioxins be formed (Xie et al., 2013; Wang et al., 2003) . 30
The mean dioxin emission factor of the medical waste incinerator (MWI) (20.1 ng I-TEQ kg -1
waste) 31
was approximately 210 times of magnitude higher than that of municipal solid waste incinerators 32 (MSWI) (0.0939 ng I-TEQ kg -1 waste) (Chen et al., 2014; Han et al., 2017) . 90% of the dioxins 33 produced in incinerators were effectively captured by powder activated carbon (PAC), removed 34 through bag filter and then transferred into MWI fly ash (Cheruiyot et al., 2016; Zhan et al., 2018) . 35
Researchers reported that MWI fly ash has a higher content of 2-3 orders for magnitude dioxins than 36 that in MSWI fly ash (Hsieh et al., 2018) . MWI fly ash has been identified as hazardous waste in 37 many countries. MWI fly ash also contains carbon constituents including powder activated carbon 38 (PACs) and unburned carbon, which was found to be a dioxin enrichment of source (Liu et al., 39 2017a ). In our previous study, a novel flotation technique was developed, which could separate 40 dioxins and carbon constituents from MWI fly ash simply and economically (Liu et al., 2013) . Most 41 of the dioxins and carbon constituents were transferred into the froth product, and chlorides were 42 simultaneously washed out from MWI fly ash (Liu et al., 2017b) . Thus, it is necessary to develop 43 effective technology to thorough decompose the dioxins in the froths. 44
Thermal treatment is one of the most common methods to decompose the dioxins at approximately 45 300°C in inert gas conditions to dechlorination and hydrogenation promising, because dioxins are 46 instability in the high temperature (Mizukoshi et al., 2007；Zhu et al., 2017 . Wang found that the 47
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5 15 kg of fly ash sample was treated by column flotation, the flotation experimental apparatus and 111 operating conditions were the same as those of our previous study (Liu et al., 2013 air flow rate. The froths were carefully vacuum-filtered, dried, weighed, and stored. 114
Loss on ignition (LOI) analysis was used to determine the carbon content in the raw fly ash and froth 115 product, respectively, as shown in Table 1 . Chemical composition of fly ash was measured by 116 MXF-2400 X-Ray Fluorescence Spectrometer. PAC sample that had been injected into the APCDs 117 of the incinerator was obtained from the PAC storage tank at the waste incineration plant. The PAC 118 is made from a coconut shell. 119
Methods 120
The raw fly ash, froths and PAC samples were pelleted for 5 s with a hydraulic press at a 121 maximum pressure of 50 MPa. A water solution of 3 wt% polyvinyl alcohols was then added into the 122 samples at a 5 wt% concentration to bind the pressed particles. Subsequently, pellets with a height of 123 15 mm and diameter of 10 mm were dried at 110°C for 3 h. 124
Then, these pellets were sintered in a high-temperature laboratory microwave oven 125 (HAMilab-V3000, Synotherm Corporation, Changsha, China). A schematic diagram of the 126 laboratory microwave oven is shown in Fig. 1 . The power was varied from 0 to 3000 W and the 127 magnetron operates at a frequency of 2450 MHz. The furnace was composed of a double-layer, 128
water-cooled, vacuum-sealed, stainless steel chamber attached to vacuum and gas entrance systems. 129
During this experiment, the pellets were placed in a microwave transparent quartz crucible with the 130 following dimensions: the height of 45 mm, the diameter of 50 mm, and the thickness of 2 mm. 131
During each experiment, eight pellets were placed inside the alumina crucible. The crucible and its 132 contents were positioned in the center of the base of the microwave chamber, on a microwave 133 transparent alumina platform that acted as an insulator. The alumina insulation board was a poor 134 microwave absorber. During the experiment, radiation was continuous and uniformity was 135 maintained to provide heat to each pellet under consideration. 136
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6 surface temperature of PAC pellet on the top layer in a microwave field (Yuen et al., 2009 ). Air or 139 N 2 flowed through the microwave oven at a flow rate of 3 L min -1 to provide an oxidation or inert 140 atmosphere, respectively, and to evacuate any volatile products. According to the preliminary results, 141 the processing time could influence the experiment. Initially, the microwave power was stabilized at 142 1800 W, and processing for 5, 7, and 9 min were used in N 2 atmosphere. When the atmosphere was 143 changed, the microwave power and processing time were stabilised at 1800 W and 9 min, 144 respectively. The specimens were then cooled in the furnace. 145
In each test run, the treated sample was also collected, grinded and thoroughly mixed after cooled. 146
Samples collected were stored in a refrigerator before analysis. The exhaust gas generated from 147 microwave treatment process was introduced into XAD-2 polymeric resin and a toluene absorber 148 bottle to examine the evaporation of dioxins. After each test run, XAD-2, toluene and rinsed solvent 149 (flushing the reactor and tube with toluene) was collected and mixed as one sample to follow the 150 standard PCDD/F analysis procedures. 151
The content of 17 toxic dioxin congeners (2,3,7,8-substituented) were analysed using isotope 152 dilution high-resolution gas chromatography/high-resolution mass spectrometry. The PCDD/F 153 content analysis was performed following the method used in our previous report (Wei et al., 2016) . 154
Analytical results for the 17 specific congeners used to calculate the I-TEQ are reported. The 155 PCDD/F destruction efficiency was calculated for both gaseous dioxins vaporised or desorbed from 156 the samples (raw fly ash or froths) during microwave treatment and adsorbed by XAD-2 resin, and 157 for solid-phase dioxins that remained on the treated samples. The vaporisation ratio was defined as 158 the percentage of gaseous dioxins that were vaporised off or desorbed from the untreated samples. 159
The destruction efficiency and vaporisation ratio of dioxins in raw fly ash or the froths were 160 calculated as follows, respectively. 161
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Results and Discussion 163
Surface temperature of PAC in the microwave field 164
The behaviour of the PAC under microwave heating was evaluated by measuring the surface 165 temperature of the PAC pellets in microwave field. Three replicates were made to obtain reliable 166 data and the results were determined as the average of three measurement results. Fig. 2 illustrates 167 the surface temperature of the PAC pellets in different atmospheres while being heated with 168 microwaves incident power of 1800 W. The temperature increased with time in a N 2 atmosphere. 169
After 5 min, the rate of the temperature rise decreased, which has previously been attributed to 170 energy insufficiency (Dehdashti et al., 2011) . In an air atmosphere, the temperature increased again 171 rapidly, and reached 860 °C, which was relatively higher than that in the N 2 atmosphere. However, 172 the sample temperature started to drop slowly after 7 min and dipped to a lower temperature than that 173 when a N 2 atmosphere was used after 9 min. This may be related to the dielectric properties of PAC. 174
The dielectric loss factor of PAC initially increased sharply with the temperature rise. In an air 175 atmosphere, the dielectric behaviour of PAC decreased because of partial oxidation or combustion. 176 Most of the PAC was then consumed, which decreased its microwave coupling efficiency 177 (Amankwah et al., 2005) . The vast difference of heating curves in the N 2 and air clearly suggested 178 that the microwave absorption nature of PAC in air atmospheres was not identical after 9 min. 179
Influence of processing time on PCDD/F destruction 180
The total PCDD/F content in the raw fly ash and froths were 78.8 and 403.8 ng g of the PCDFs were TeCDFs, 1, 2, 3, 4, 7, 2, 3, 4, 6, 7, 1, 2, 3, 4, 6, 7, and 187 
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8 thermal treatment (more than 0.5 h) (Wu et al., 2011; Lundin et al., 2011; Hung et al., 2013) , 199 microwave treatment took less time to achieve a similar decomposition efficiency, which indicated 200 that microwave treatment of the froths is an efficient treatment technology. 201
Although the initial dioxin content in the froths was higher than that in raw fly ash, the dioxin 202 mass destruction efficiencies in the froths were higher after equal processing time. Chou et al., 2013) . The froths absorbed more energy than that of the same amount in the raw fly ash 212 because the content of PAC in the froths was high, and more "hotspots" were formed in it during the 213 microwave treatment. The whole temperature of the froths was also enhanced within a short period, 214
and thus the dioxin destruction efficiency in the froths enhanced compared with that in the raw fly
9 Fig. 6 shows the effect of processing time on the distribution profiles of the 17 major dioxin 217 congeners in MWI fly ash. The distributions of dioxin congeners in the treated samples were similar 218 to those in raw fly ash. The initial contents of HpCDD, OCDD, TeCDF, 1, 2, 3, 4, 7, 219 2, 3, 4, 6, 7, 1, 2, 3, 4, 6, 7, , and OCDF were high, which lead to those remaining 220 content in the treated samples were also high. The homologue distribution of dioxins did not change 221 obviously when processing time was extended, which indicated the reductions of dioxin levels under 222 microwave treatment are caused not by dechlorination but mainly by decomposition or vaporisation 223 of dioxins. This result is not consistent with the study conducted by Chang using microwave 224 peroxide oxidation (MPO) treatment methods (Chang et al., 2013) . They found the distribution of 17 225 major dioxin congeners shifted from highly chlorinated dioxins to low chlorinated dioxins after MPO 226 treatment. The main reasons are intrinsic differences in molecular diffusion and reaction activity 227 among dioxin congeners during MPO processing. 228
Influence of processing time on dioxin evaporation 229
Fig. 7 gives the vaporisation ratio of dioxins in the two samples on various processing times. 230
Evaporation of dioxins from both raw fly ash and froths increased with the processing time 231
increasing (up to a maximum of 9 min). The amount of dioxins in the exhaust gas after 9 min of raw 232 fly ash treatment was 10.2 wt% of the original amount. By studying the evaporation of dioxins 233 during the reburning process of fly ash, Kobylecki reported that the amount of evaporated dioxins in 234 fly ash did not exceed 3 wt% by conventional heating treatment (Kobylecki et al., 2001) . Wu 235 discovered that the amount of dioxins desorbed to the gas phase increased with the heating 236 temperature from 300 °C to 400 °C (Wu et al., 2011) . 237
The amount of dioxins in the exhaust gas after processing for 9 min was only 0.8 wt% of that in 238 the untreated froths. Therefore, dioxins in the froths had mostly decomposed and just few evaporated 239 into the exhaust gas. Compared with raw fly ash, the larger amount of PAC in the froths resulted in 240 more effective microwave energy absorption, which initially caused a rapid increase of the overall 241 temperature of the froths. Therefore, most of the dioxins in the froths were quickly decomposed, 242 leaving few to be evaporated. Furthermore, PAC may have captured and decomposed gaseous phase
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PAC in raw fly ash is not enough to support the decomposition of dioxins in a short time, which is 245 easy to lead to dioxin volatilizations. Thus, addition of appropriate amount of microwave-absorbing 246 medium is necessary. 247 3.4 Effect of atmosphere on dioxin destruction 248 Fig. 8 displays the residual content of each dioxin congener in the samples (the raw fly ash and 249 froths) after microwave treatment for 9 min in air/N 2 atmospheres. The remaining content of each 250 dioxin congener in the two residual samples was higher in an air atmosphere compared with that in a 251 N 2 atmosphere. For the raw fly ash, the total mass dioxin destruction efficiency was 55.4% in an air 252 atmosphere, 10% less than that in a N 2 atmosphere. This is also lower than that reported by other 253 studies on low-temperature thermal treatment (Wu et al., 2011; Hung et al., 2013) . For the froths, 254
95.6% and 98.4% of the dioxins were destroyed following treatment in air and N 2 atmosphere, 255
respectively. 256
The redox atmosphere used affects not only the microwave absorption characteristics of PAC in 257 the samples but also the dioxin removal mechanisms. PAC is a hyperactive material which may have 258 interaction with microwaves. The permittivity of the PAC was extremely high even at room 259 temperature and increased rapidly with the temperature rise, which facilitated microwave absorption. In an air atmosphere, however, PAC was easily oxidised and combusted and its permittivity would 271 
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have thus decreased, which also limited its microwave absorption (Amankwah et al., 2005) . 272 Therefore, the total destruction efficiency of dioxins was lower in an air atmosphere compared with 273 that in a N 2 atmosphere. When oxygen was used, the process of dioxin removal was similar to the 274 oxidation combustion of organic pollutants, for which decrease in decomposition also occurred 275 Fig.9 shows the distribution profiles of 17 major dioxin congeners in the exhaust adsorption traps 280 for 9 min of microwave treatment of the raw fly ash and froths in air and N 2 atmospheres. As a 281 whole, the distribution of dioxin congeners in four kinds of exhaust gas were similar to that in the 282 raw material, HpCDDs, OCDDs, TeCDFs, 1,2,3,4,7,8-HxCDFs, 2,3,4,6,7,8-HxCDFs, 1,2,3,4,6,7,8 283 -HpCDFs, and OCDFs still showed higher peak of fraction. For the raw fly ash, the fraction of low 284 chlorinated congeners, such as 2,3,7,8-TeCDF and 1,2,3,7,8-PeCDF, were obviously higher in N 2 285 atmosphere than that in air atmosphere, and high chlorinated PCDD/Fs were relatively low. For 286 froths, there was no obvious difference in the homologue distribution in gas phase of exhaust gas in 287 air and N 2 atmosphere. 288
Effect of atmosphere on distribution of dioxin congeners in exhaust gas 279
Dioxins in flue gases were susceptible to volatilization, dechlorination or de novo synthesis during 289 microwave irradiation of the fly ash or the froths. Volatilization of dioxins might happen at the initial 290 stage of microwave heating, during which the overall temperature of the two kinds of samples 291 increased slowly. Thus, small amount of dioxins might evaporate into gaseous phase. Wang reported 292 that dechlorination of dioxins generally occur in an oxygen-deficient atmosphere during 293 conventional low-temperature treatment (Wang et al., 2006) . Similarly, raw fly ash contains less 294 carbonaceous matter, its overall temperature is relatively low at initial stage after microwave heating, 295 CO 2 +H 2 O+HCl+CO (4)
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12 during which dechlorination reaction might happen in N 2 atmosphere. Result shown that chlorination 296 degree of dioxins in the gas phase of exhaust gas in N 2 atmosphere is 6.27, which is lower than that 297 in raw fly ash (6.55). This also confirms the possibility of chlorination during this process. However, 298 in air atmosphere, dioxin removal in raw fly ash might result in oxidation reactions rather than 299 decomposition or dechlorination process. For froths, chlorination degrees in products were found to 300 have no significant change in air or N 2 atmosphere, which implies that contributors of dechlorination 301 reactions were very litter during microwave heating. This is because that the froths contained with 302 high content of PAC could quickly reached high temperature, which lead to more decomposition and 303 less evaporation of dioxins. 304
The crucial elements of de novo synthesis are temperature, catalysis using carbon, chlorine, 305 oxygen, and metals (especially Cu) (Wang et al., 2012) . Compared with the raw fly ash, the froths 306 contained more carbon constituents, more copper and less chlorine. Residual carbon and PAC could 307 provide basic organic material and the catalytic surface for dioxin formation (Kakuta et al., 2005 ; 308
Chang et al., 2009). Cu is also essential for catalysing formation of dioxins. Therefore, high levels of 309
Cu and carbon constituents in the froths might promote de novo synthesis of dioxins (Chin et al., 310 2012) . The lack of chlorine in the froths, however, inhibited this de novo synthesis during microwave 311 heating. Furthermore, high PAC content in the froths effectively raised its ability to absorb 312 microwave energy and made the froths quickly past the temperature range of de novo synthesis of 313 dioxins (250-400 °C) (Mizukoshi et al., 2007) . Therefore, for the froths, dioxins should hardly form 314 via de novo synthesis under microwave irradiation. For the raw fly ash with high levels of chlorine, a 315 certain amount of Cu, carbon constituents and the presence of oxygen easily led to the reformation of 316 dioxins by de novo synthesis at the beginning of the microwave treatment. How the complex 317 composition of the raw fly ash and froths precisely affect the de novo synthesis is unclear at present, 318
given the discrepancies in the limited data available. Therefore, to judge whether de novo synthesis 319 reactions occurs under microwave irradiation is difficult. 320
Certainly, decomposition, volatilization, dechlorination, and/or the de novo synthesis of dioxins in 321 the sample during microwave heating are affected by the way of treatment and the treatment 322 conditions. Influencing parameters including microwave incident power, volume and mass of sample,
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13 packing density, air flow rate, and particle size, all require more intensive study. Additionally, heavy 324 metals present in the fly ash may be solidified during microwave treatment, and some volatile heavy 325 metals, such as Pb, Zn, and Cd, may enter into the exhaust gas. 326
Conclusions 327
To explore the function of PAC in MWI fly ash during microwave heating, experiments were 328 conducted using froths obtained after flotation and raw fly ash. The temperature changes of PAC 329 surface under a microwave field were also recorded to assess "hotspot" effects of PAC. After 330 treatment with a microwave incident power of 1800 W for 9 min in a N 2 atmosphere, above 98% of 331 the dioxins in the froths were decomposed but 65.0% were decomposed in the raw fly ash. The 332 dioxin amounts evaporated from the raw fly ash were significantly higher than those from the froths. 333 This is because large amounts of PAC presented in the froths may accelerate the elimination of 334 dioxins during microwave irradiation. And carbon content in raw fly ash is insufficient to increase 335 the decomposition of dioxins in a short time, thus addition of microwave-absorbing medium into the 336 raw fly ash is necessary. Meanwhile, reaction atmosphere can affect the microwave absorption 337 characteristics of PAC and the dioxin destruction mode. Therefore, dioxins were eliminated much 338 more effectively in N 2 atmosphere than that in an air atmosphere. Besides, dechlorinating reactions 339 of dioxins would occur when the raw fly ash was treated in N 2 atmosphere. 340
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